p65 is a member of the NF-B family of transcriptional regulatory proteins that functions as the activating component of the p65-p50 heterodimer. Through its acidic transactivation domain (TAD), p65 has the capacity to form interactions with several different transcriptional regulatory proteins, including TFIIB, TFIIH, CREB-binding protein (CBP)/p300 and TAF II 31. Like other acidic TADs, the p65 TAD contains two subdomains (p65 TA1 and p65 TA2 ) that interact with different regulatory factors depending on the target gene. Despite its role in controlling numerous NF-B target genes, there are no high-resolution structures of p65 TA1 bound to a target transcriptional regulatory factor. In this work, we characterize the interaction of p65 TA1 with two factors, the Tfb1/p62 subunit of TFIIH and the KIX domain of CBP. In these complexes, p65 TA1 transitions into a helical conformation that includes its characteristic XX motif ( = hydrophobic amino acid). Structural and functional studies demonstrate that the two binding interfaces are primarily stabilized by three hydrophobic amino acids within the XX motif and these residues are also crucial to its ability to activate transcription. Taken together, the results provide an atomic level description of how p65 TA1 is able to bind different transcriptional regulatory factors needed to activate NF-B target genes.
INTRODUCTION
The NF-B proteins are a family of transcription regulatory factors that control genes involved in a number of processes including the immune response, cell proliferation and cell survival (1) . The five proteins that constitute the NF-B family in mammals include p50, p52, p65 (also known as RelA), RelB and c-Rel. Members of the NF-B family form different combinations of homo-and hetero-dimers with each other, and these various dimer combinations constitute the biologically active forms of the proteins, with the p65-p50 heterodimer being the most abundant cellular form. In unstressed cells, the various NF-B dimers are predominantly sequestered in the cytoplasm, where they are maintained in a latent state through interactions with inhibitor of B (IB) proteins (2) . In the canonical pathway, in response to a wide variety of stimuli such as stress or viral infections, the IB protein is phosphorylated and this results in the rapid ubiquitination of the IB␣ protein and its subsequent degradation via the ubiquitin-proteasome system. Following the degradation of the IB␣ protein, the NF-B dimer is released from its latent cytoplasmic state and translocated into the nucleus, where it activates transcription through its ability to specifically bind regulatory regions within target genes (3) .
The p65 protein is the most thoroughly investigated of the five members of the NF-B family, in part, because it is the activating component of the p65-p50 heterodimer. The p65 protein is essential for cell survival as p65 knockout cells are known to survive however p65 knockout mice do not, whereas this is not to be the case for other NF-B family members, where functional redundancy has been observed in genetic studies (4) . In response to different cellular signals, the p65 protein is transformed into one of its several active forms following a sequence of posttranslational modifications that includes both phosphorylation and acetylation events (5) . For example, it has been shown that phosphorylation of p65 on Ser276 results in a conformational change and this leads to enhanced binding to the histone acetyltransferase (HAT) CREB-binding protein(CBP)/p300 (6) . The interaction with CBP leads to the acetylation of p65 at several positions and this acetylation is directly linked to enhanced transcriptional activity of p65 (7) . In addition, several studies have identified other phosphorylation sites that appear to regulate the activity of p65 either by enhancing its acetylation or modify-ing its ability to interact with other transcriptional regulatory factors (6, (8) (9) (10) (11) (12) . Based on these combined results, it appears that acetylation is required for maximal activity of p65, which is consistent with results showing that overexpression of CBP/p300 enhances the activation potential of p65 (7, 13) , whereas overexpression of histone deacetylases (HDAC) represses p65 activity (14) .
In order to activate transcription of NF-B target genes, p65 binds specifically to B-binding sites present in either the enhancer or promoter regions of target genes. Like all members of the NF-B family, the p65 protein contains a Rel homology domain (RHD) located near the aminoterminal region of the protein, which is responsible for both its ability to recognize specific DNA sequences on NF-B regulated genes as well as to form heterodimers with other NF-B-family members (2) . Several crystal structures of the RHD of p65:p50 heterodimers bound to DNA sequences containing various NF-B binding sites clearly demonstrate how the p65:p50 heterodimer is able to regulate a wide variety of target genes (15) (16) (17) . In addition to the RHD, the p65 protein contains an acidic transactivation domain (TAD) located within the carboxyl-terminal 124 amino acids (residues 428-551 in the human p65 protein). The TAD is essential for the regulation of p65 target genes (18) and it functions by participating in a series of proteinprotein interactions with a number of transcriptional regulatory proteins including HATs such as CBP/p300 (19) , general transcription factors (TAF II 31, TFIIB, TFIID and TFIIH) (20) (21) (22) and chromatin remodeling complexes (23) .
The TAD of p65 can be subdivided into two subdomains that are both capable of independently activating transcription of p65 regulated genes, and they are referred to as TA2, which is located between residues 428 and 521, and TA1, which is located between residues 521 and 551. Initial structural studies indicated that the full-length TAD of p65 (residues 428-551) was unstructured in the free form. This conclusion was based on the fact that homonuclear nuclear magnetic resonance (NMR) spectroscopy experiments demonstrated that the TAD of p65 displayed minimal chemical shift dispersion and was devoid of interproton nuclear Overhauser effects (NOEs) characteristic of helical structure. However, it was determined that addition of trifluoroethanol (TFE) to a fragment containing just the TA1 subdomain of the TAD of p65 induced changes characteristic of a helical conformation when analyzed using circular dichroism (CD) spectroscopy (24) . Based on the presence of a TFE-induced helical conformation, it was suggested that the TAD of p65 adopts a helical conformation when bound to its partner proteins. This model is consistent with the fact that both the TA1 and TA2 subdomains of p65 contain consensus XX motifs (where is a hydrophobic amino acid and X is any amino acid). This motif is present in numerous acidic TADs, including those of p53 and VP16, that transition from a predominantly disordered state to a helical conformation when bound to interacting domains of partner proteins such as CBP, TAF II 31, TFIIH and TFIIB (25) (26) (27) (28) (29) (30) (31) . A recent NMR structure of the TA2 subdomain of p65 (p65 TA2 , residues 425-490 of mouse p65) in complex with the TAZ1 domain of CBP demonstrated the importance of two XX motifs within TA2 for binding (32) . In complex with TAZ1, four regions within p65 TA2 transition from an unstructured state into a helical conformation. Two of these helical regions encompass the XX motifs, and both motifs make important contributions to the binding interface of the complex.
Previous studies have shown that deletion of the TA1 subdomain of p65 (p65 TA1 ) results in the loss of ∼85% of its transactivation capacity (18) . However, full transactivation activity is observed when p65 TA1 is tethered to a segment of p65 containing only the DNA-binding domain. Despite the importance of this domain in regulating the transcriptional activity of p65, there is currently no highresolution structure of p65 TA1 bound to a transcriptional regulatory protein. Therefore, we have examined the interaction of p65 TA1 with two well-characterized targets of several other acidic TADs, the pleckstrin homology (PH) domain of the p62/Tfb1 (human/yeast) subunit of TFIIH (p62 PH /Tfb1 PH ) and the KIX domain of CBP (CBP KIX ). We show that p65 TA1 binds to both Tfb1 PH and CBP KIX and adopts a similar ␣-helical conformation upon binding. In addition, we demonstrate that three hydrophobic residues within the XX motif of p65 TA1 play important roles in forming the binding interface with both Tfb1 PH and CBP KIX and that these residues are important to the ability of p65 TA1 to activate transcription. Taken together, the results provide detailed information on how p65 TA1 binds to two transcriptional regulatory factors that are required to help control the vast array of genes targeted by the NF-B family.
MATERIALS AND METHODS

Cloning and purification of recombinant proteins
Tfb1 PH (residues 1-115 of Tfb1) and p62 PH (residues 1-108 of p62) were constructed as GST-fusion proteins and purified as previously described (33) . CBP KIX (residues 586-672) was cloned into a pET21a vector with a His-Tag and purified as previously described (34) . The F612A/D622A/R624A/K667E quadruple CBP KIX mutant (CBP KIX -MLL) and the Y650A/A654Q/Y658V triple CBP KIX mutant (CBP KIX -c-Myb) cloned into the pET21a vector encoding a His-Tag were generously provided by Dr Steven Smith (Queens University) and purified as previously described for the wild-type CBP KIX . The p65 TA1 (residues 521-551) was cloned into the pET-His-GST-TEV vector generating a GST-fusion protein with an L523Y mutation to allow determination of peptide concentration at 280 nm. Mutations of p65 TA1 were carried out using the QuickChange II site-directed mutagenesis kit. GST-His-p65 TA1 and related mutants were grown in Escherichia coli host strain BL21(DE3) at 30
• C and induced for 4 h in the presence of 1 mM Isopropyl ␤-D-1-thiogalactopyranoside (IPTG). The cells were lysed in 20 mM TRIS at pH 7.4 containing 1 M NaCl and 0.5 mM ethylenediaminetetraacetic acid, and bound to glutathione (GSH) resin (GE Healthcare). The GSH resin was washed first with lysis buffer and then with Tobacco Etch Virus (TEV) protease cleavage buffer. The p65 TA1 peptide was cleaved in batch from the resin overnight at room temperature in the presence of TEV protease. The resulting supernatant was then further purified on a Q-sepharose HighPerformance column (GE Healthcare) equilibrated in 20 mM phosphate buffer at pH 6.5 and protein was eluted using a gradient of 20 mM NaPO 4 buffer at pH 6.5 containing 1 M NaCl. 15 N-edited NOESY-HSQC (37) and 13 C-edited HMQC-NOESY spectra (38) , and intermolecular distance restraints were extracted from 3D 15 N-13 C F1-filtered, F3-edited NOESY experiments (39). All NOESY spectra for the complexes were recorded using a mixing time of 90 ms. Samples were exchanged three times in 100% D 2 O before recording the 13 C-edited and the filtered NOESY spectra. In addition, HNCACB, HNCO and HCCONH experiments were recorded with 0.8 mM 15 N/ 13 C-p65 TA1 either in the absence or presence of two molar equivalents of CBP KIX to extract chemical shifts for the secondary structure propensities (SSP) analyses. 13 C-edited HMQC-NOESY spectra in 100% D 2 O were recorded at 25
• C with a mixing time of 120 ms for the p65 TA1 -CBP KIX complex, and at 10
• C with a mixing time of 350 ms for the free peptide. Resonance assignment of the CBP KIX -p65 TA1 complex was performed using 3D HNCO, HNCACB, HBCBCACONNH and HCCH-TOCSY experiments on a 0.8 mM sample of 15 (43) .
Structural restraints and structure calculation
Backbone dihedral angles were obtained using either TALOSN for Tfb1 PH (44) and TALOS+ (45) , which gives more accurate predictions for p65 TA1 . NOESY spectra were manually peaked and partially assigned. The NOE assignment was completed using ARIA2.3 (46), concomitantly with structure calculation. The ARIA program was run with eight iterations including twenty structures and a final iteration including 100 structures. The 20 best structures were subsequently refined in explicit water using CNS (47) . Sidechain geometry was further optimized with the software YASARA (48) using the force field YASARA2 (49) and the SCWALL method (50) . The Protein Structure Validation Suite was used to assess the overall quality of the structures (51) . The figures of the structures were prepared using PyMol software (Warren Delano, http://www.pymol. org).
Yeast activation assays
DNA constructs encoding for p65 TA1 and its mutants were ligated into the PSH18-34 vector to produce fusion proteins with the DNA-binding domain of LexA. Yeast strains were transformed with the LexA operator-lacZ fusion proteins following a previously described protocol (52) and ß-galactosidase assays were performed as previously described (53) . Results of the assays are presented as the mean of the percentage of ß-galactosidase units obtained for each of the tested LexA-fusion proteins. The activity of the LexA-GAL4 positive control is arbitrarily set to 100% for comparison with the other fusion proteins. The reported values are ± standard error of the mean obtained from a minimum of six independent experiments. Western blot analyses were performed with an anti-LexA antibody to verify equivalent expression of the LexA-fusion proteins.
RESULTS
TA1 from the p65 subunit of NF-B binds to Tfb1 PH /p62 PH and CBP KIX
Based on amino acid sequence alignment (Supplementary Figure S1A and B), p65 TA1 contains a highly conserved region between residues 542 and 546 homologous to the XX motif that forms the recognition interface of several acidic TADs bound to their target proteins (54) . Given that several of these acidic TADs have been shown to target both the PH domain present at the N-terminal of p62/Tfb1 subunit of the general transcription factor TFIIH Nucleic Acids Research, 2017, Vol. 45, No. 9 5567 (p62 PH /Tfb1 PH ) and the KIX domain present in the histone acetyl transferase CBP (CBP KIX ), we attempted to examine the interaction of p65 TA1 with these two common targets of acidic TADs. Initially, we examined p65 TA1 binding to Tfb1 PH and p62 PH using ITC. The ITC experiments demonstrate that p65 TA1 binds to either Tfb1 PH or p62 PH with similar dissociation constants (K D ) of 15 ± 3 M and 23 ± 4 M, respectively, under the experimental conditions ( Figure 1 ). Next, we examined whether or not p65 TA1 also binds to CBP KIX using similar ITC experiments. Similar to Tfb1 PH and p62 PH , CBP KIX binds to p65 TA1 with a K D of 15 ± 3 M.
To further investigate these interactions, NMR chemical shift perturbation studies were performed to identify the binding site for p65 TA1 (Figure 2A and B). In the case of Tfb1 PH , the signals that exhibited the most significant chemical shift changes in the HSQC spectrum following addition of p65 TA1 ( Supplementary Figure S2A ), correspond to residues within the ␤5, ␤6 and ␤7 strands of the PH domain fold ( Figure 2C ). When mapped on the structure of Tfb1 PH , the binding site for p65 TA1 overlaps with the binding site of several other acidic TADs including those from p53 (27) and VP16 (29) . In the experiments with CBP KIX , the signals of CBP KIX that exhibit the most significant chemical shift changes in the HSQC spectrum following addition of p65 TA1 ( Supplementary Figure S2B ), are associated with residues located in a groove formed by the C-terminal end of the ␣1 helix, the Nterminal end of the ␣2 helix and the C-terminal end of the ␣3 helix. When mapped on the structure of CBP KIX (Figure 2D) , the binding site for p65 TA1 appears to be similar to the binding site for the acidic TADs of the mixed lineage leukemia (MLL) protein (55) and the E-protein E2A (56) .
NMR structure of the Tfb1 PH -p65 TA1 complex
To determine its structure in the bound state, we examined p65 TA1 in complex with Tfb1 PH using NMR spectroscopy studies. The Tfb1 PH was chosen for the NMR studies because it is considerable more stable than the p62 PH protein over the long period of time required to collect the NMR data and it has served as a good model system for examining interactions with acidic TADs (27, 29, 33, 34, 57, 58) . The high-resolution NMR structure of the Tfb1 PH -p65 TA1 complex was calculated using 3447 NOE-derived distance restraints, 46 intermolecular NOEs and 211 dihedral angle restraints. The structure of the Tfb1 PH -p65 TA1 complex is well defined by the NMR data (Table 1) . A total of 260 structures were calculated and the 20 lowest-energy structures are characterized by favorable backbone geometry, no significant violations of the experimental restraints and a pairwise root mean-square deviation (r.m.s.d.) of 0.3Å for the backbone atoms and 0.8Å for heavy atoms (Table 1) . In complex with p65 TA1 , the structure of Tfb1 PH (Figure 3 ) is similar to its structure in the unbound form (33) , which consists of a PH-domain fold containing a seven-stranded ␤ sandwich (␤1-␤7) followed by a single ␣-helix (␣1). In complex with Tfb1 PH , p65 TA1 forms a 13-residue ␣-helix ( Figure  3 ) between F534 and L546, and the helix forms the interface with Tfb1 PH .
Tfb1 PH -p65 TA1 binding interface
The key residues of p65 TA1 at the interface with Tfb1 PH are three hydrophobic residues (F542, L545 and L546) located within the XX motif. In the structure of the complex, the side chain of F542 from p65 TA1 is fully buried in a pocket formed by Q49, A50, T51, K57, M59, R61 and M88 of Tfb1 PH ( Figure 4A ). In this pocket, one side of the aromatic ring of F542 is in position to form an amine-interaction with the side chain of Q49. In addition, the other side of the aromatic ring of F542 has the potential to form either a cation-interactions with K57 of Tfb1 PH or a sulfurinteraction with M59 of Tfb1 PH . This is based on the fact that the positive charge of K57 occurs at a distance between 5 and 9Å from the center of the aromatic ring of F542 and the sulfur atom of M59 occurs at a distance between 5 and 7Å from the center of the aromatic ring of F542 in the 20 NMR structures of the p65 TA1 -Tfb1 PH complex. Although F542 of p65 seems to be the most crucial residue at the interface with Tfb1 PH , L545 and L546 from the XX motif in p65 TA1 also appear to contribute to the overall binding energy. These two leucine residues are located at the extreme C-terminal end of the p65 TA1 helix, where L545 is inserted into a pocket formed by P52, S55 and K57, whereas L546 appears to form van der Waals contacts with the side chain of Q49 from Tfb1 PH ( Figure 4B ). In addition to the interactions involving hydrophobic residues from the XX motif in p65 TA1 , the structures suggest two possible electrostatic interactions between negatively charged residues of p65 TA1 and positively charged residues of Tfb1 PH (Supplementary Figure S3 ). The first one occurs between D539 from p65 TA1 and either R61 or R86 of Tfb1 PH , and a second one occurs between D541 of p65 TA1 and K57 of Tfb1 PH . p65 TA1 ␣-helical propensity depends on substrate presence Our structure of the Tfb1 PH -p65 TA1 complex reveals that p65 TA1 forms a 13-residue ␣-helix between residues 534 and 546 in complex with Tfb1 PH and this suggests that a significant conformational change occurs between the unbound and the bound states based on earlier NMR studies with the free p65 TA1 . Given the recent advances in the identification of protein secondary structure elements based on NMR chemical shifts values (59), we decided to reinvestigate the ␣-helical propensity of p65 TA1 in the free form as well as to determine if p65 TA1 forms a similar ␣-helix in complex with CBP KIX . For these studies, we performed NMR experiments to obtain the complete 1 Figure  S4) . The SSP of p65 TA1 in the free state, bound to Tfb1 PH as well as bound to CBP KIX were determined using the SSP software (42 helical propensity for the residues within the XX motif in the free form, and that this helical propensity is accentuated when it is bound to either Tfb1 PH or CBP KIX ( Figure  5 ).
To further investigate the helical propensity of p65 TA1 in the unbound state, a series of 3D 13 C-NOESY-HMQC experiments were conducted with 15 N/ 13 C-labeled p65 TA1 . The initial experiments were recorded at 25
• C and no NOE signals were observed using mixing times of either 90 and 180 ms. In subsequent experiments, the temperature was lowered to 10
• C to decrease the molecular tumbling rate of p65 TA1 and the mixing time was increased to 350 ms. At 10
• C, the chemical shift values of the free p65 TA1 did not change significantly after taking into account the global chemical shift displacement due to the temperature change, and this suggests that the conformation of p65 TA1 did not change dramatically as a result of the change in temperature. At this lower temperature, NOE signals indicative of a helical conformation are present between the H ␣ and the H ␤i+3 for the H ␣ signals F542, S543 and A544 of p65 TA1 . The presence of these medium range NOE signals correlate with the SSP results and suggests there is a short transient helical conformation in the free form that involves residues within the XX motif of p65 TA1 .
Localization of the p65 TA1 -binding site on CBP KIX
CBP KIX contains two distinct binding sites that are recognized by acidic TADs and these two sites are referred to as the 'MLL-binding site' and the 'c-Myb-binding site' (60) (61) (62) . The MLL-binding site is located at the interface where helices ␣1, ␣2 and ␣3 of CBP KIX converge, whereas the c-Myb-binding site is located on the opposite face in Figure 1A and B). In contrast, no significant heat change is observed for p65 TA1 binding to the CBP KIX -MLL mutant and this indicates that the affinity for p65 TA1 has decreased by at least two orders of magnitude. Thus, the ITC results with the CBP KIX binding site mutants are in agreement with the NMR chemical shift perturbation studies ( Figure 2D ) and support the fact that p65 TA1 preferentially binds to the MLL-binding site of CBP KIX .
NMR structure of the CBP KIX -p65 TA1 complex
The interaction of p65 TA1 with CBP KIX was further investigated by high resolution NMR spectroscopy to determine a structure of the CBP KIX -p65 TA1 complex. A total of 37 intermolecular NOE restraints were incorporated into the calculations to define the orientation of p65 TA1 toward CBP KIX . The residues of CBP KIX involved in the intermolecular NOEs are all located either in the cleft formed at the junction of the three helices (I611, F612, A619) or on the surface of the ␣2 and ␣3 helices (R624, M625, N627, L628, Y631 on ␣2; I660 and L664 on ␣3). The structure of the CBP KIX -p65 TA1 complex displays good structural statistics (Table 2) and it resembles the structures of several other acidic TADs bound to CBP KIX including MLL (55) and E2A (56) (Figure 6A-C) . Consistent with the SSP results, p65 TA1 forms a 17-residue helix between F534 and S550 when bound to CBP KIX . The predominant determinants for forming the p65 TA1 -CBP KIX interface come from contacts involving hydrophobic residues along almost the entire length of the p65 TA1 helix (F534, I537, A538, F542, L545 and L546), which is anchored onto CBP KIX ( Figure  6D ). The first contacts occur between residues in the N- terminal part of the p65 TA1 helix and the ␣2 and ␣3 helices of CBP KIX . In particular, the phenyl ring of F534 from p65 TA1 is in position to form a -stacking interaction with the phenol ring of Y631 from CBP KIX , whereas the methyl group of A538 is positioned near the methyl groups of I611, L628 and I660. In addition, there are several interactions involving the three hydrophobic residues from the XX motif (F542, L545 and L546). These three residues of p65 TA1 are buried in a deep hydrophobic cleft on the surface of CBP KIX formed by the three helices. In the structure, they are positioned to be in close contact with F612, A619, M625, L664 and R668 of CBP KIX . Although interactions involving the hydrophobic residues in the p65 TA1 helix appear to be the driving force for binding to CBP KIX , the structure suggests that electrostatic interactions involving negatively charged amino acids of p65 and positively charged residues of CBP are also important for forming the binding interface ( Figure 6E ). More specifically, D539 and D541 of p65 TA1 are in position to form an electrostatic interaction with the ammonium group of K667 and the guanidinium group of R624 of CBP KIX , respectively. Thus, the structure demonstrates that the binding of p65 TA1 to CBP KIX involves a combination of hydrophobic and electrostatic interactions and this is consistent with what has been observed for other acidic TADs binding to CBP KIX .
F542 of the XX motif in p65 TA1 is crucial for binding to Tfb1 PH and CBP KIX
To quantitatively investigate the contribution of the hydrophobic residues within the XX motif of p65 TA1 for binding to CBP KIX and Tfb1 PH , we prepared mutants of p65 TA1 where the three hydrophobic residues were substituted with alanine (F542A, L545A and L546A) for evaluation by ITC ( Figure 1C ). Under the ITC conditions, no significant heat change is observed for the binding of the F542A mutant of p65 TA1 with either Tfb1 PH or CBP KIX and this indicates that the affinity of the p65 TA1 F542A mutant has decreased by at least two orders of magnitude in both cases. The results with the F542A mutant are in agreement with our NMR structural data demonstrating that F542 of p65 TA1 is a key component of the interface in both the p65 TA1 -Tfb1 PH and the p65 TA1 -CBP KIX complexes. In the case of the L545A and L546A mutants of p65 TA1 , the effect of the alanine substitution on p65 TA1 binding to either Tfb1 PH or CBP KIX is less dramatic, with the two mutants displaying approximately a 1.5-fold decrease in affinity for both Tfb1 PH and CBP KIX ( Figure 1C) . Consistent with the NMR structures, the ITC studies indicate that F542 within the XX motif is a key residue required for p65 TA1 binding to both Tfb1 PH and CBP KIX .
p65 TA1 interaction with Tfb1 PH and CBP KIX correlates with transcriptional activity
Previous studies have shown that the full activation of several NF-B-regulated genes depends on the presence of p65 TA1 and that F542 within the XX motif is essential for this activity (20) . To test the relative importance of the hydrophobic residues in the XX motif on the transcriptional activation associated with p65 TA1 , we examined the relative activities of the F542A, L545A and L546A mutants of p65 TA1 in a yeast model system. The yeast system has been previously used to characterize the activity of both p65 TA1 and p65 TA2 and it provides a good correlation to what has been observed in human cells (20, 24) . For these studies, p65 TA1 and the mutants were fused to the DNAbinding domain of LexA (LexA DBD ) in order to measure their relative ability to activate transcription from a lacZ reporter gene. For the comparison, a LexA DBD -GAL4 fusion protein served as a positive control (100% activity), whereas the LexA DBD protein served as a negative control (no activity). In yeast, LexA DBD -p65 TA1 activates transcription at a level similar (96 ± 6%) to LexA DBD -GAL4 ( Figure  7) , whereas the LexA DBD -p65 TA1 F542A mutant is almost completely devoid of activity (4.3 ± 3%). In addition, both the LexA DBD -p65 TA1 L545A and LexA DBD -p65 TA1 L546A mutants also display a reduced ability to activate transcription (47 ± 5 and 27 ± 6%, respectively), but the decrease is less dramatic than that observed with the F542A mutant. These findings are consistent with both the NMR and ITC studies, which demonstrate the important role of the three hydrophobic residues within the XX motif of p65 TA1 for transcriptional activation.
DISCUSSION
Like several other acidic TADs, the TAD of p65 contains two distinct subdomains and both subdomains have been shown to be capable of independently activating transcription of select NF-B target genes. Given the vast array of genes regulated by the p65-p50 heterodimer, it appears that the two subdomains interact with different transcriptional regulatory targets depending on the target gene being activated. In this study, we have characterized the interaction of the TA1 subdomain from the TAD of p65 (p65 TA1 ) with two well-characterized targets of acidic TADs, the PH domain from the Tfb1/p62 (Tfb1 PH /p62 PH ) subunit of TFIIH and the KIX domain of CBP (CBP KIX ). ITC experiments demonstrate that p65 TA1 binds to both p62 PH /Tfb1 PH and CBP KIX , and NMR structural studies show that binding to both of these transcriptional regulatory proteins stabilizes an ␣-helical structure in p65 TA1 that is centered around the XX motif located between Phe542 and Leu546. The structure of the p65 TA1 -Tfb1 PH complex clearly demonstrates that the three hydrophobic residues within the XX motif of p65 TA1 (Phe542, Leu545 and Leu546) all play important roles at the binding interface with Tfb1 PH . Consistent with what is observed in the Tfb1 PH -p65 TA1 complex, these same three residues also make key interactions at the interface with CBP KIX in the NMR structure of the p65 TA1 -CBP KIX complex. The binding interface is also complemented by electrostatic interactions involving negatively charged amino acids from the helical region of p65 TA1 (D539 and D541) and positive charged amino acids from either Tfb1 PH or CBP KIX. In addition, we demonstrate that the three hydrophobic residues from the XX motif are important for transcriptional activation in a yeast model system, which suggests that these residues play a key role in regulating a number of genes activated by p65 through interactions with transcription regulatory factors such as TFIIH and CBP.
The presence of two independent subdomains within the acidic TAD of p65 is similar to what has been observed in a number of other mammalian transcriptional regulatory factors including p53 (63), VP16 (64), FOX03a (65) and EKLF (66) . Two key elements link these acidic TADs from different transcriptional regulators to their function: an abundance of negatively charged amino acids through- out the entire length of the sequence and the presence of a XX motif. Typically, acidic TADs are intrinsically disordered in their unbound states, but adopt a more ordered structure in the bound state. In most complexes examined to date, the bound structure consists of a mainly alpha helical conformation, although examples of extended structures have also been reported (31, 32, 56, (60) (61) (62) (67) (68) (69) (70) (71) (72) . Like other acidic TADs, initial NMR studies indicated that the full-length TAD of p65 was intrinsically disordered in the unbound form, but it was predicted to adopt a helical conformation when bound to target proteins with hydrophobic residues from the XX motifs being key contributors to the binding interface (24) . The NMR structure of the p65 TA2 subdomain bound to the TAZ1 domain of CBP clearly supports these earlier predictions (19) . In complex with CBP TAZ1 , p65 TA2 adopts four distinct helical regions and two of these regions contain XX motifs that provide important contacts at the binding interface. Our current studies with the p65 TA1 -Tfb1 PH and p65 TA1 -CBP KIX complexes are also in agreement with these earlier predictions and again highlight the importance of the XX motif in formation of the binding interface with p65 TA1 . However, the current NMR studies with p65 TA1 indicate that the XX motif transiently adopts a short helical conformation even in the unbound state, and that a longer helical conformation is stabilized upon binding to target factors such as CBP KIX and Tfb1 PH . Thus, the two complexes containing p65 TA1 highlight how this domain alters its conformation so that it is able to bind to different targets in order to specifically activate transcription of p65-p50 target genes.
Several other structures of CBP KIX or p62 PH /Tfb1 PH have been determined previously in complex with acidic TADs from different transcriptional regulatory factors. In each complex containing CBP KIX , the acidic TADs have been shown to transition from a predominantly disordered conformation in the unbound state to a helical conformation in the bound state (61, 62, 69) . These previous structures also indicated the presence of two distinct binding sites on the surface of CBP KIX , the so called MLL and cMyb sites, and that TADs can bind independently to one site or in a cooperative manner to both sites (60, 73) . For example, the two subdomains from the TAD of FOXO3a can bind to CBP KIX either as individual subdomains to one of the sites or in a cooperative manner to both sites as the full-length TAD (68) . In contrast, there is a single binding site for acidic TAD on the surface of Tfb1 PH /p62 PH that is formed by the ␤5, ␤6 and ␤7 strands of the PH domain. However, TAD binding to Tfb1 PH /p62 PH has been shown to occur in either a helical conformation or an extended conformation depending on the TAD (27, 29, 31, 57, 58) . Our structural studies demonstrate that p65 TA1 binds to both CBP KIX and Tfb1 PH in a similar manner using a similar helical conformation. The main difference between p65 TA1 in the two complexes appears to be at the C-terminus of the helix, where the last residue of the helix is L546 in the Tfb1 PH complex compared with S550 in the CBP KIX complex. Our NMR studies together with mutational studies indicate that only one molecule of p65 TA1 binds to CBP KIX at the MLLbinding site. The p65 TA1 helix covers 763Å 2 on the surface of CBP KIX , but only 479Å 2 on the surface of Tfb1 PH . This difference in size of the binding interfaces is consistent with the fact that p65 TA1 forms a longer helix when bound to CBP KIX than when bound to Tfb1 PH (17 versus 13 residues). In both complexes, the interface is primarily formed through interactions involving the three hydrophobic amino acids in the XX motif present in the ␣-helix. Mutation of any of the three key residues from the motif, in particular F542, leads to a decrease in binding affinity toward Tfb1 PH and CBP KIX . Taken together with the fact that residues from the XX motif form a transient helix in the unbound state, this suggests that this region of p65 TA1 predisposes it for binding with its target proteins.
The NF-B-family of proteins plays an important role in controlling the transcription of over 500 human genes, and many of these genes are regulated by the p65-p50 heterodimer. In order for p65-p50 to activate these genes, the TAD of p65 forms protein-protein interactions with several different transcriptional regulatory proteins, including CBP and TFIIH (22, 74) . One of the keys to activation associated with p65 is the recruitment of CBP, which leads to the subsequent acetylation of select lysine residues on p65 depending on the target gene being activated (5,7). The NMR structure of the p65 TA2 -CBP TAZ1 complex is the only other structural information available for the TAD of p65 in complex with a target transcriptional factor (19) . Our results demonstrating that p65 TA1 binds to CBP KIX support that hypothesis that the individual subdomains within the TAD of p65 (p65 TA1 and p65 TA2 ) have the capacity to contact different domains of CBP at the same time, possibly in a cooperative manner. A similar mechanism has been proposed for the interaction of CBP with p53 and FOXO3a (30, 68) . The TAD of p53 and FOXO3a also both contain two subdomains and each subdomain has a XX motif that is important for its binding to CBP. In the case of p53, it has also been shown that its p53 TAD1 and p53 TAD2 have the capacity to bind to two domains of CBP when they are artificially fused together (70) . The interaction between TFIIH and p65 plays a fundamental role in several processes including the regulation of transcription from the HIV promoter in the viral long terminal repeat (75, 76) as well as the expression of nitric oxide synthase from the Nos2 gene in macrophages following infections by pathogenic organisms (77) . The Tfb1/p62 subunit is targeted by a number of proteins containing an acidic TAD including p65, and our structural studies provide evidence of how the XX motif of p65 TA1 regulates its interaction with Tfb1 PH . The importance of F542 within the XX motif of p65 TA1 for the formation of both complexes is consistent with the fact that it has been previously identified as essential for p65 to activate transcription (20) . The structures of the two complexes explicitly illustrate the importance of this residue, as it is clear that F542 of p65 TA1 is positioned in a binding cleft in both complexes where it makes crucial contacts with the transcriptional regulator. Taken together with previous structural studies involving p65 TA2 (19) , these studies with p65 TA1 provide important insights into how the two subdomains within the TAD of p65 incorporate the XX motif in order to separately bind to the different transcriptional regulatory factors needed to help control the vast array of genes targeted by the p65-p50 heterodimer. 
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